ABSTRACT: The mechanism and kinetics of the electrochemical nucleation and growth of Pd nanoparticles (NPs) on carbon electrodes have been investigated using a microscale meniscus cell on both highly oriented pyrolytic graphite and a carbon coated transmission electron microscopy (TEM) grid. Using a microscale meniscus cell, it is possible to monitor the initial stage of electrodeposition electrochemically, while the ability to measure directly on a TEM grid allows subsequent high resolution microscopy characterization which provides detailed nanoscopic and kinetic information. TEM analysis clearly shows that Pd is electrodeposited in the form of NPs (approximately 1 − 2 nm diameter) that aggregate into extensive nanocrystaltype structures comprised of NPs. This gives rise to a high NP density. This mechanism is shown to be consistent with double potential step chronoamperometry measurements on HOPG, where a forward step generates electrodeposited Pd and the reverse step oxidizes the surface of the electrodeposited Pd to Pd oxide. The charge passed in these transients can be used to estimate the amounts of NPs electrodeposited and their size. Good agreement is found between the electrochemically determined parameters and the microscopy measurements. A model for electrodeposition based on the nucleation of NPs that aggregate to form stable structures is
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proposed that is used to analyze data and extract kinetics. This simple model reveals considerable information on the NP nucleation rate, the importance of aggregation in the deposition process and quantitative values for the aggregation rate.
KEYWORDS: electrochemistry, electrodeposition, electroplating, nanoclusters, nanofabrication, nanomaterials INTRODUCTION Metal nanoparticles (NPs) have attracted much interest because of their unique physicochemical properties, which differ from those of bulk materials. 1 In particular, NPs of a few nanometers in diameter exhibit size-dependent (electronic, optical, etc.) behavior 2 , while in the area of (electro)catalysis, NP size and shape can have a profound impact on reaction rates and mechanisms. 3, 4 Gaining control over the size of NPs is thus essential to enable their effective use in a variety of applications. Furthermore, the immobilization of NPs onto a solid substrate is often required for the fabrication of solid-state devices, yet the preparation and/or dispersion of NP (electro)catalysts of controlled size and distribution on a solid substrate remains a major challenge. 4 Several techniques have been used to fabricate substrate-supported NPs, such as lithographic methods (including e-beam lithography 5 ), self-assembly 6 , electrophoretic deposition 7 and electrodeposition 8 .
Electrodeposition, the focus of this paper, is a promising approach that can be used to fabricate metal and metal oxide nanomaterials on conductive substrates, with several advantages over other methods. 4 In particular, electrodeposition is simple, convenient and cost-effective, as NPs grow directly from the substrate without the need for further sample preparation. 9 Moreover, neither photoresist nor surfactants are needed, ensuring that the nanomaterials remain in a close to pristine state. Electrodeposition also has the capability to enable the site-specific fabrication of nanostructures 10, 11 , and the composition and structure of materials can be tuned to some extent by changing the electrolyte composition and varying electrodeposition parameters, such as the concentration of metal ions in the precursor solution, the current density and the electrode potential. The latter two parameters offer the possibility of fabricating specific nanostructures through time-control. 12 Although electrodeposition has several attributes, it can prove rather difficult to achieve a narrow size distribution of NPs using this methodology, at least in part due to insufficient understanding of the fundamental mechanisms of electrochemical nucleation and growth. 13 Investigations to improve knowledge in this area present a number of challenges. A major issue
is that electrochemical nucleation sites of widely different character are randomly distributed on a solid substrate, and if there is a large number of nuclei and NPs, the interactions between them can be complex. There are many concepts involved in describing electrochemical nucleation and growth processes, including time-lag 14 , nucleation exclusion zone 15 and the critical nuclei size 16 , but their measurement and adaptation to the fabrication of NPs of controlled size is not straightforward. For improved electrodeposition at the nanoscale, full understanding of the mechanism of electrochemical nucleation and growth is essential, particularly for the initial stage of deposition.
Recently, several approaches for monitoring the early stages of nucleation have been reported.
A liquid transmission electron microscopy (TEM) cell has been used to carry out both electrochemical measurements and in situ TEM imaging. 17, 18 Discrepancies were found between apparent mechanistic inference from electrochemical data and TEM images. These experiments are rather difficult, particularly since obtaining reproducible liquid TEM cells is non-trivial and achieving clean electrode surfaces for employment in TEM cells can present some challenges due to the need for multiple lithography steps. 19 Some researchers have reported electron beamassisted deposition of metal NPs using liquid-phase TEM systems. [20] [21] [22] Moreover, while in situ monitoring of the nucleation and growth of NPs was achieved, important information such as total charge transferred for the nucleation and growth of NPs was lost. 18 Furthermore, it was found to be difficult to achieve delicate control of the driving force for these processes with the setups employed.
Pd electrodeposition on carbon electrodes allows the ready formation of effective electrocatalysts for formic acid-based fuel cells. 23 However, it is difficult to prepare small-sized Pd NPs using electrodeposition, which would be beneficial towards achieving higher catalytic mass activity. 24 In this paper, we report on the electrochemical production of Pd NPs using a microscale meniscus cell 25 
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HOPG was further considered as the main substrate in this work because it has been used extensively for electrochemical nucleation and growth studies [30] [31] [32] and is easily refreshed through cleavage. 29 For nanoscale imaging, a carbon film-coated 400 mesh gold (S160A4, Agar V. 37 Another two broad oxidation peaks corresponding to the oxidation of Pd were found at around 0.37 V and 0.55 V on the reverse scan, respectively, similar to previous studies, with the more anodic peak assigned to pre-monolayer oxidation of palladium metal adatoms at the electrode. 37, 38 In the second cycle, the reduction peak of Pd electrodeposition was broadened (also due to concomitant oxide reduction), and the onset potential was shifted significantly positive to 0.37 V, as expected for the growth of Pd on preformed Pd rather than on the carbon substrate. 37, 39 In addition, the current magnitudes of two oxidation peaks were increasedparticularly the more cathodic peak, corresponding to the formation of Pd oxide -and shifted slightly negative to 0.36 V and 0.51 V, respectively. These voltammetric features provide evidence for the nucleation and growth of Pd at the HOPG surface, with the magnitude and nature of the features strongly dependent on the voltammetric conditions, timescale and concentration of the Pd precursor in solution. 37, 39 This electrochemical behavior is consistent with previous reports of Pd electrodeposition at the macroscale, 31, 37 highlighting that the microscale measurements do not introduce any new features or perturb this system compared to macroscopic studies. Figure 3 ). While differences in wettability of these two carbon materials by meniscus contact might be a contributory factor, this effect is likely to be minimal as both substrates wet to the same extent (Figures 1b and S3a) . Rather, our recent work has shown that while the nucleation of metals occurs readily at the basal surface of HOPG, step edges can act to trap electrodeposited nuclei, 26 and other work has indicated that steps are important in promoting the electrodeposition of NPs. 30 Such features are abundant on the ZYB grade HOPG used, but absent from the TEM grid, which may explain the slower kinetics that are evident when the TEM grid is used as the electrode. Images of the full region of the experiment and higher magnification images are given in Figure S3 , Supporting Information. Among these, the image of the meniscus residue ( Figure   S3 (a)) and particles confirms that meniscus contact occurs over an area similar to the micropipet size (2 μm diameter). Additionally, Figure The TEM images acquired in this study suggest that an aggregative mechanism operates in the electrochemical nucleation and growth of metal NPs, 13, 27, 28 wherein NPs form and aggregate into larger nanostructures. Assuming that all nanostructures are generated from NPs, which is reasonable based on the TEM images, and that all NPs have spherical shapes, N0 can also be estimated from the total charge of the reduction current-time curves according to equation (1):
where is the molar mass of Pd (106.42 g mol −1 ), is the charge passed in the reduction transient (18.3 pC for the transient in Figure 5 (a)), and are the radii of a single nuclei (0.8 nm, the average value of NPs) and a micropipet (1.0 μm), is the number of electrons in the electrodeposition process (2), is the density of Pd (12.0 g cm −3 ), 40 and is Faraday constant.
The value of N0 is ca. 1.0 × 10 13 particles cm -2 , which is of the order found by microscopy.
Evidently, we can view Pd NPs as building blocks for larger nanostructures on the TEM grid.
TEM analysis of NPs on the HOPG substrate would be non-trivial, and AFM does not have the resolution to detect NPs of the size seen in TEM, especially when aggregated and closely located.
However, the DPSC data provide powerful insight into the number and size of NPs formed. We thus ran DPSC experiments on HOPG at a deposition potential of 0.05 V for different times ( Figure 6 ), and analyzed these data together with the potential-dependent data in Figure 4 . The forward step charge (deposition) informs on the amount (volume) of Pd clusters deposited and the reverse step charge (surface oxidation) indicates the surface area. The data together thus enable analysis of the characteristic NP size and their number (Table 1 ). The oxidation charge ( ) reflects the electrochemical surface area of the electrodeposited Pd.
Thus, the NP number density can also be estimated using the conversion factor ( ; 424 μC cm −2 from Pd to Pd oxide), 41, 42 an approach used to determine the area of other Pd nanostructures, 43 and 4 2 for the surface area of a spherical NP according to equation (2):
The ratio of to (equation (3)) obtained from equations (1) and (2), yields the value of , while substitution of into equation (1) or (2) yields 0 .
Given the simplicity of this analysis, radii of NPs on HOPG and 0 values are evidently in reasonable agreement with the TEM data. Because of aggregation, the electrochemical analysis will tend to result in a higher value of , and consequently smaller value of 0 and this effect becomes generally more significant at higher driving potentials where more material is electrodeposited. Overall, however, the data are broadly consistent with TEM.
From these results, a nucleation and aggregative growth model 13, 27, 28 appears to operate ( Figure 7 ). The first step is the nucleation and dissolution of discrete NPs, which we consider as a reversible process involving rapid birth (nucleation) and death (dissolution) of NPs unless they attain a critical size (and aggregate) to survive. The standard potential of NPs, 0 , shifts cathodically with respect to the bulk value, 0 , with decreasing particle radius:
where is the surface free energy, is the molar volume, z is the lowest valence state and F is Faraday constant.
It is important to note that NPs, clusters (and adatoms) are not fixed on a substrate, but have considerable mobility especially on HOPG. 26, 45 Furthermore, surface diffusion on a substrate can occur thermally 46 and due to electrochemically 47, 48 induced migration. This process is thus reasonably consistent with the TEM data and electrochemical measurements. The chronoamperometry data are potentially rich in kinetic information, and having revealed the key entities involved in electrodeposition we propose the main steps shown in Figure 8 . The nucleation and dissolution of NPs is potential-dependent and, for simplicity, we adopt a ButlerVolmer formalism, such that the creation and dissolution of clusters are given by n and d , defined by equations (5) and (6):
where 0 is a standard rate constant, is a transfer coefficient and is nF/RT. This is reasonable given the evident rapidity and extensive nature of NP formation. In any case, in the approach developed below these processes are mainly at a potential-dependent equilibrium, where the kinetic form drops out. On this basis, the observed reduction current is essentially a measure of the number of stable NPs that survive. This is predominantly driven by aggregation, which, in turn, depends on the number of NPs that are aggregated, agg (an indicator of the aggregate size). At the simplest level, if we assume that aggregation scales in a first-order manner with the number of isolated NPs, , and those in aggregates, agg , then:
where is the number of electrons transferred per ion reduction process, and is a charge of an electron. In the early stages that we consider herein, aggregation is initially a minor route to the overall loss of isolated NPs, and the value of can be obtained from:
and so
On the basis that NPs mainly end up in aggregates to survive, the value of agg can be estimated reasonably well from the ratio of R / particle , where particle is the charge to form a primary NP of 0.8 nm radius, the average size seen in TEM (see above). Further, noting that
for the potentials and times of interest herein, the relationship between and R / particle is obtained that used to analyze chronoamperometric data:
The short-time data from Figure 4 (current values without a significant mass transport component) fit reasonably well to equation 12 at all 3 potentials, the relationship between and ( R / particle ) is linear and the slope is strongly potential-dependent ( Figure 9 Consequently, the aggregation constants are uniform over a relatively small range of potential values (0.05 V to 0.025 V) close to the nucleation potential. Figure 9 . Plots of the reduction current versus R / particle at three different potentials (data from Fig. 4 ), according to equation (12) .
CONCLUSIONS
The electrodeposition of Pd on carbon electrodes has been investigated using a microscale meniscus cell on both HOPG and a TEM grid as the substrate. The microscale meniscus cell has several attributes for these studies. First, it allows electrochemical measurements at a wide variety of substrates, including non-conventional electrodes such as a TEM grid. The electrochemical surface area is defined by the size and position of the micropipet, and the microscale dimensions lead to well-defined mass transport characteristics.
Two types of Pd nanostructures were observed in the electrodeposition processes: NPs with a diameter in the range of 1.0 − 2.2 nm and large aggregates of these elementary NPs, which essentially serve as building blocks. An unusually high density of NPs (10 13 cm -2 ) was found in the acquired TEM images. These results demonstrate that the classical nucleation and growth model, which is based on the direct reduction of metal ions on existing nuclei, is not appropriate for the observed nucleation and growth processes.
The aggregative growth model we have developed is based on the assumption that aggregation of elementary NPs is critical for the formation of stable nanostructured palladium. Thus, the charge passed in a chronoamperometric electrodeposition experiment is largely a measure of NPs that are incorporated in larger nanostructures, with isolated NPs continually formed and dissolved at other parts of the surface, giving a population of such structures that can aggregate.
We have shown how DPSC, where a forward potential step drives the electrodeposition of Pd (rate measured with the corresponding current-time profile) and a reverse oxidation step converts the Pd surface to oxide, can be analyzed to obtain the number of particles formed, their size, as well as elementary kinetics such as the NP aggregation coefficient.
The simple aggregative growth model described, together with the microscopy studies, provides key insights into the mechanism of Pd electrodeposition. In turn, this model could be extremely useful for the rational electrochemical fabrication of controlled number of NPs on a surface by tuning the deposition time and potential, which would be extremely advantageous for applications in catalysts and sensors. The palladium clusters evidently made in our study are clearly some of the smallest ever reported and could be very interesting as electrocatalysts, in particular.
Supporting Information. Chronoamperometry data without Pd precursor on HOPG, CV data on a TEM grid, and TEM images of electrodeposited Pd. This material is available free of charge via the Internet at http://pubs.acs.org.
